Abstract. We present 26 ISO-SWS spectra taken from a sample of 13 M-type Semiregular, Lb and Mira variables and covering the wavelength range between 2.36 and 5 µm at a medium resolution. All of the studied objects show intense water bands producing a deep absorption dip around 2.5 µm. Features of CO, OH, SiO and CO 2 are also visible. Using the new H 2 O linelist published in the first paper of this series and available opacity data for the other important molecules, we calculated a grid of hydrostatic MARCS atmospheres and the corresponding synthetic ISO-SWS spectra. Based on the comparison with these theoretical results the ISO observations can be divided into four classes. The first two groups include the spectra of the Semiregular (SRb) and Lb variables in our sample. For all of them the region between 2.36 and 4.2 µm can be quite well reproduced by our hydrostatic models. Only the predicted SiO bands above 4 µm are in some cases too strong which is due to known dynamical effects. Depending on the temperature (above or below 3000 K) of the atmosphere, which mainly determines the intensity of the water depression at 2.5 µm, the spectra of the Semiregular and Lb variables fall into the first or second class. The third group consists of observations of Mira stars obtained around maximum light where the range between 2.36 and 4.2 µm can be fitted with our MARCS models except for a strong emission bump appearing in the ISO-SWS data in the region of the SiO features and the slope very close to the short wavelength border. Finally, the last type of spectra corresponds to Mira variables during the phases around the minimum of their visual light curve. For this class the observed water absorption at 2.5 µm is much more intense than in any hydrostatic atmosphere with a realistic choice of effective temperature and surface gravity. Thus, we conclude that dynamical models are needed to explain the ISO-SWS data of Mira stars. For all of the cooler objects from our sample the predicted CO 2 bands between 4.2 and 4.6 µm are too weak which may be due to the opacity data.
Introduction
Together with TiO, water dominates the opacity in the atmospheres of all cool oxygen-rich stars. This is mainly due to the combination of the huge number of spectral lines these molecules have with their relatively high abundances. In both cases millions of transitions give rise to a significant absorption distributed over broad regions in the spectra. For H 2 O the large quantity of lines is connected to its non-linear geometry introducing additional degrees of freedom for the vibrationalrotational motion, while for TiO the incorporation of several electronic states is the important factor. The role of water in stellar atmospheres has been discussed in the first paper of this Send offprint requests to: B. Aringer, e-mail: aringer@alf.nbi.dk Based on observations with ISO, an ESA project with instruments funded by ESA Member States with participation of ISAS and NASA. The SWS is a joint project of SRON and MPE. series (Paper I, Jørgensen et al. 2001 ). Reviews concerning TiO can be found in Plez (1998) or Jørgensen (1994) . While the strong bands of TiO are situated in the range below 1 µm and cause a substantial heating of the atmospheres (see e.g. Aringer et al. 1997) , the H 2 O absorption dominates the whole infrared region from 1.5 up to 20 µm and more, cooling the matter significantly down. Intense features of water appear at temperatures around 3200 to 3400 K which is lower than for TiO.
In Paper I we have published an extensive list of water lines suitable for the determination of opacities needed for the construction of model atmospheres as well as for the calculation of synthetic spectra. The intensities and shapes of the bands at different temperatures are compared to the experimental data collected in HITRAN and HITEMP (Rothman et al. 1992) as well as to results obtained from the NASA AMES list presented by Partridge & Schwenke (1997) . While HITRAN contains only a small fraction of the transitions that produce the H 2 O absorption in the relatively hot environment of a stellar atmosphere, the situation for HITEMP is much better. However, concerning the opacities needed to compute model structures also HITEMP is not complete enough. In general the overall intensities and shapes of the water features based on the NASA AMES and our list agree very well. There are certain differences in the infrared discussed in Paper I.
Since water is also one of the main absorbers in the atmosphere of the earth, it is usually not easy to observe its broad features in the infrared with ground-based telescopes. An excellent tool to study the H 2 O bands at lower frequencies are the spectra taken by the Short Wavelength Spectrometer (ISO-SWS, de Graauw et al. 1996) aboard the Infrared Space Observatory (ISO), which cover the range between 2.4 and 45.2 µm. ISO-SWS data of the Semiregular variable SV Peg have already been shown in Paper I in order to compare results from different linelists. In this work we present a more systematic investigation concerning water in the ISO spectra of cool oxygen-rich red giants, most or all of which are probably AGB stars. The big advantage of these objects is that many of them are quite bright in the infrared. As a consequence there exists a considerable number of reliable ISO-SWS observations. The problem associated with the AGB stars is that all of them show strong pulsations and mass loss which can not be described by hydrostatic model atmospheres (e.g. Höfner 1999 ). This will also affect the molecular spectra (e.g. Aringer et al. 1999 ) depending on the intensity of the variations, the species and the wavelength range. Therefore, in the present paper we will investigate the successes and limitations of hydrostatic models concerning the reproduction of the observed water bands. Tsuji et al. (1999) have studied the water features in the ISO-SWS spectra of several cool AGB variables. They also found that the bands can not always be fitted with their classical hydrostatic atmospheres. Thus, in order to remove the discrepancies they introduced the scenario of a warm molecular envelope (Tsuji et al. 1997 ) which consists of one or more layers situated above the photosphere. Based on this approach Matsuura et al. (2002) produced fits to the ISO-SWS data and studied the variability of four Mira stars covering the range between 2.5 and 4.0 µm. At this point we want to emphasize that the atmospheres of such objects have a complex dynamical structure which offers a natural explanation for the problems with the hydrostatic models and can not be consistently described by the simple addition of molecular shells with constant temperature and density. Thus, an upcoming paper of this series will include a discussion of Mira spectra based on recent non-grey dynamical computations (e.g. Höfner 1999).
Observations of cool O-rich variables
In order to compare the synthetic spectra discussed in the following section to observational results we used the data from five open time ISO projects (fkerschb. orichsrv/orichsrl/zzagb2pn and jhron.varlpv/varlpv2) for our work. It was an aim of these programs to cover on one hand a large number of representative cool O-rich variables with different pulsational properties (Mira, SRa, SRb, Lb and OH/IR) and on the other hand to monitor a few objects to study their temporal behavior. In total 22 red giants, most or all of which are probably AGB stars, could be observed at least once. For ten of them between two and seven individual spectra taken at different phases are available. In this paper we present the data of 13 Mira, Semiregular (only SRb) and cool Irregular (Lb) variables which cover a wide range of pulsational properties, temperatures and mass loss rates. For seven of the objects there exists more than one observation. In total we used 26 spectra for this work. Since the pulsational properties of the SRb and Lb stars are quite similar (Kerschbaum et al. 2001 ), they will be treated here as a single group.
The observations were carried out with the ISO-SWS instrument (de Graauw et al. 1996) with full grating scans covering typically the wavelength range between 2.38 and 45.2 µm using AOT01 with speed 2. The intrinsic spectral resolution varies from 200 to 600 depending on frequency (Leech 1998; Valentijn et al. 1996) . The pipeline processed data products (OLP 7) were further reduced with the ISO Spectral Analysis Package ISAP (Sturm et al. 1998) . In general, for the preparation of the spectra presented here the connection of the individual sections which introduces an additional uncertainty was done by multiplying the longer wavelength band in order to fit the overlapping regions. Only for flux levels below 100 Jy we have applied the correction additively.
In Figs. 1 and 2 we present the ISO-SWS observations used for this paper. The wavelength range between 2.36 and 5 µm is shown, which includes the broad 2.5 µm absorption dip caused by water as well as bands of CO, SiO, OH and CO 2 . The appearance of the different features will be discussed later in more detail. The fluxes are normalized to the value at 3.8 µm where the molecular opacity has a minimum. However, in very cool stars even this point will be affected by water absorption. The numerical resolution of the data is set to 450 which is typical for band one of the ISO-SWS (400 to 600) and will also be used for all synthetic and observed spectra presented later in this work. In Fig. 1 we show the observations of the Semiregular and Lb variables from our sample. In addition, two measurements of the Mira star R Aql are included which can also be found in Fig. 2 . Multiple spectra of single objects are always collected in one panel. For those Semiregular and Lb variables where two observations exist it is obvious that especially the features around 2.5 µm (H 2 O) and 4.5 µm (CO 2 ) change as a function of time. Even much larger variations appear for the Mira stars as the example of R Aql in Fig. 1 and the collection of spectra of R Aql and R Cas in Fig. 2 demonstrate.
Synthetic spectra
In order to compare our ISO data to synthetic spectra we have computed a small grid of cool and extended hydrostatic atmospheres using an improved version of the MARCS code (Gustafsson et al. 1975 ) with spherical radiative transfer routines from Nordlund (1984) . Molecular opacities of CO, SiO, OH, TiO, H 2 O and CN have been taken into account by treating them in the opacity sampling approximation (Jørgensen 1992) . The calculated models are almost identical to those presented and described by Aringer et al. (1997) in their work on SiO first overtone lines. The only major difference is the use of new opacity sampling data for TiO which were derived from an updated version (SCAN data base, Jørgensen 1997) of the original linelist (Jørgensen 1994) with recent f -values taken from Langhoff (1997) . However, this change will not affect the infrared spectra significantly. It should be noted here that the molecular opacities in the model atmospheres (opacity sampling) and in the calculation of the synthetic spectra (from linelists) have been treated consistently which is a very important requirement to be able to obtain realistic results.
Our small grid of atmospheres covers the effective temperature range between 2600 and 4600 K and values of log(g[cm/s 2 ]) from 0.0 to −0.6. All models have one solar mass and solar chemical abundances. It was shown by Aringer et al. (1997) for the SiO bands that compared to the other parameters a possible variation of the stellar mass has only a small influence on the infrared molecular spectra, if one assumes the typical range expected for galactic AGB stars. This holds also for the water features around 2.5 µm, even when a spherical radiative transfer is applied to compute the synthetic spectra. The temperature range mentioned above was chosen to cover all giants from relatively warm ones where only CO dominates the molecular opacity in the infrared down to the coolest ones typically expected from evolutionary calculations.
Our synthetic spectra cover the wavelength range between 2.36 and 7.75 µm at a resolution of 300 000. Based on the atmospheric models mentioned above they were calculated using the program COMA (Aringer 2000) , which allows us to derive molecular opacities directly from the different linelists, and a detailed spherical radiative transfer code (Windsteig et al. 1997) . For the molecular transitions we assumed Doppler profiles and a microturbulent velocity of ξ = 2.5 km s −1 (see Aringer et al. 1997) . Opacities of CO, SiO, OH, H 2 O and CO 2 have been included in the computation. The lower limit of the selected spectral range corresponds to the short wavelength end of our ISO-SWS observations, while the upper limit was chosen to avoid regions which may be contaminated by the opacity originating from a circumstellar dust shell being present around many of the studied cool red giants with moderate mass loss (10 µm feature). In order to compare the theoretical results to the observed ISO data their original resolution of 300 000 was reduced to reproduce the wavelength grid of our ISO-SWS spectra (resolution of 450).
The following molecular lines have been included into our computations of the synthetic spectra. The isotopic abundances are taken from Anders & Grevesse (1989) Goorvitch & Chackerian (1994) . For the two most important species 12 C 16 O and 13 C 16 O the latter contains all ∆V = 1, 2 and 3 lines up to V = 20 and J = 150. The SiO list has already been discussed in Aringer et al. (1997) (Schwenke 1997) . A detailed discussion concerning the linelist for H 2 O is given in Paper I where also one of our ISO spectra is presented. The full data base consists of approximately three billion transitions for the main isotope. In order to save computation time we have selected the ∼19 466 000 lines with an intensity larger than 5 × 10 −8 km/mol at 3500 K for the calculation of the synthetic spectra. This limit was chosen to be just low enough that there appears no noticeable change ( 1%) of the results. Also the fact that we do not take the heavier isotopes into account will not have a visible effect on the spectra at the ISO-SWS resolution. In addition we produced some spectra using the water opacity from the NASA AMES list (Partridge & Schwenke 1997 ). For CO 2 there exists no computed linelist at the moment. Thus, we took the information from the 1996 version (CD-ROM) of the HITRAN data base which includes ∼61 000 lines (Rothman et al. 1992 ) and its high temperature extension HITEMP with ∼1 032 000 lines.
Results from model atmospheres
In Fig. 3 we present synthetic spectra for a temperature sequence with log(g[cm/s 2 ]) = 0.0 which have been calculated including only single selected species into the determination of the molecular absorption. All of them are based on the same model atmosphere which was constructed with the complete set of opacities. CO, OH, SiO and H 2 O are shown. One should always be careful with the interpretation of such spectra, since neglecting the rest of the molecular opacities might change the geometrical depth where the investigated lines are formed. Nevertheless, it is still possible to get informations about the positions of the features and their approximate behavior as a function of stellar temperature. In the case of CO one can see that the absorption dip around 2.4 µm is already quite intense at 3600 K and it does not change very much, if the object becomes cooler. In order to get significantly weaker CO bands effective temperatures exceeding 4000 K are needed as long as the surface gravity and the chemical composition are not altered. The features of SiO and OH show similar characteristics concerning their behavior as a function of temperature. In the model with T eff = 3100 K they are relatively intense, and from our calculations we do not expect any major changes for cooler stars. On the other hand one can clearly see that the SiO and OH bands are much weaker at 3600 K. Above 4000 K they start to disappear. H 2 O will only be observed in cool objects with effective temperatures below 3300 to 3400 K. It produces a broad absorption dip around 2.5 µm and dominates the molecular opacity in the whole ISO-SWS range at T eff ≤ 3000 K. Even below 2600 K the water bands still become more intense with decreasing temperature.
As one can see in Fig. 2 the ISO-SWS observations of cool Mira stars show an intense and broad absorption dip between 4.15 and 4.6 µm which is due to CO 2 . It appears also in the spectra of relatively warm Lb or Semiregular variables like SV Peg where it is quite weak. In the models the calculated CO 2 bands occur only in the coolest stars with T eff < 3000 K. However, they are in all cases predicted much too weak. As a consequence the spectral range between 4.2 and 4.6 µm can not be reproduced at all, and was therefore excluded from this study. The problem may be caused by the use of an incomplete CO 2 linelist, since the HITRAN data are a collection of a limited number of transitions measured at low temperatures. Especially for molecules with many lines such a compilation may only include a fraction of the real opacity present in a hot stellar environment. For water this is demonstrated in Paper I where also a more detailed discussion on the topic can be found. However, for the two species mentioned here, CO 2 and H 2 O, a high temperature extension of HITRAN is available, which is called HITEMP and includes a significantly larger number of transitions. In the case of water the use of lines from HITEMP instead of HITRAN gives synthetic spectra which are much closer to the results based on a complete theoretical list. Nevertheless, the opacity produced by millions of weak lines creating an almost continuous absorption over broad wavelength ranges is still clearly underestimated. As it has already been mentioned there exists no complete computed linelist for CO 2 at the moment. Compared to HITRAN calculations based on the HITEMP data produce somewhat more intense bands, which are still much weaker than the observed ones. Since CO 2 has a much smaller effect on the stellar atmosphere than water, which adjusts the structure corresponding to its absorption, the contribution of many weak lines will be more important for the resulting intensities of the features, if a consistent computation is applied where the same opacity sources are used for the model and the synthetic spectrum.
Another possible explanation for the inability of our MARCS models to reproduce the CO 2 bands of the observed red giants is the fact that hydrostatic structures may underestimate the density in the cool outer layers by orders of magnitude. This is connected to the dynamical nature of these objects, and it will be discussed later as the reason for the extremely intense water absorption appearing in the ISO-SWS spectra of Mira variables at certain phases. As it turns out the ISO observations of the CO 2 features in the mid infrared, which are situated between 13 and 16 µm, indicate the existence of such relatively dense regions with excitation temperatures of about 600 K around AGB stars with strong pulsations (Ryde et al. 1999; Cami et al. 2000) . Concerning the CO 2 depression at 4.5 µm the effect of these layers has to be really very large in the coolest giants and it needs to be already important in many Semiregular and Lb variables where the H 2 O bands can easily be fitted by using only the hydrostatic models. In this context it should be noted that Aringer et al. (1999) found that it is necessary to apply dynamical atmospheres in order to reproduce the first overtone SiO bands of Semiregular stars.
In Fig. 4 we present a sequence of synthetic ISO spectra calculated from three MARCS atmospheres with different effective temperatures. All models have one solar mass, solar chemical abundances and log(g[cm/s 2 ]) = 0.0. It is obvious that the molecular absorption in the whole wavelength range increases significantly for cooler objects. The spectra are normalized to the flux at 3.8 µm where the molecular opacity has a minimum. It should be noted that for T eff ≤ 3000 K there exists no point between 2 and 8 µm where the spectrum reaches the continuum level. As one can see in Fig. 3 this is mainly due to the opacity of water which affects the complete wavelength interval at low temperatures. In warmer stars it is possible to find such continuum points in the region around 3.8 µm, which may still be contaminated by some of the OH features that are visible in the 3600 K spectrum in Fig. 3 . However, these are very distinct and narrow bands that can be easily separated from the surrounding continuum. The most intense molecular absorption appears at 2.5 µm. This is caused by CO which produces its features already in relatively hot stars and by water which occurs only at lower temperatures. In the range between 2600 and 3300 K the depth of the depression around 2.5 µm depends very much on T eff .
In Fig. 5 we show synthetic ISO-SWS spectra as a function of log(g) for three MARCS models with T eff = 2800 K, one solar mass and solar chemical abundances. They are again normalized to the flux at 3.8 µm. As one can see, the molecular absorption becomes slightly weaker at lower surface gravities. The differences are small compared to the changes related to temperature, and they are caused by emission components in the lines which are due to sphericity effects appearing in very extended hydrostatic atmospheres. In the case of SiO this phenomenon is discussed in Aringer et al. (1999) . For more compact objects where sphericity effects are only of minor importance the intensity of the depression around 2.5 µm increases with lower values of log(g). This is demonstrated in Fig. 6 where we compare a 2800 K dwarf to a giant. In general one can say that the influence of the surface gravity on our synthetic AGB star spectra is relatively small, and concerning the appearance of the absorption feature at 2.5 µm it corresponds to a small change of the effective temperature.
We have also investigated the influence of the microturbulent velocity on the final results by adopting different values between 2.5 and 5.0 km s −1 , which is already a rather high selection regarding the line broadening observed in red giants. Since we only included these changes into the determination of the spectra and not into the model calculation, we obtained upper limits for the effect. Compared to a self-consistent treatment of the opacities the latter will always be overestimated by such an approach. As it turns out, an increase of ξ from 2.5 to 5.0 km s −1 produces only minor variations concerning the appearance of the water bands in the normalized spectra. This result is not unexpected, because the H 2 O absorption is mainly generated by a huge number of overlapping weak transitions. Significant differences could only be found in a narrow region below 2.5 µm where there are many strong CO lines, which will be more affected by an additional broadening. Compared to our reference point at 3.8 µm the intensity in this range decreases for ξ = 5.0 km s −1 by about 12 to 14%, while in the other parts of the spectrum the changes always remain below 5 to 7%. 
Models and observations
In order to get some informations about the stellar temperatures we have compared the synthetic spectra calculated from our grid of hydrostatic MARCS atmospheres to the ISO-SWS data in the range between 2.36 and 4.2 µm. This was done by selecting for each observation the model which gives the best representation of the overall energy distribution. As it has just been mentioned this region is dominated by the intense molecular absorption from CO and water. Since the shape of the spectra changes significantly as a function of stellar temperature, even a difference of 50 K, which corresponds to the resolution of our grid, can be clearly seen. Due to uncertainties of the used linelists that will be discussed in a following section the intensity and appearance of the small scale structure of the H 2 O bands was not taken into account for the comparison of theoretical and observed results. We did not extend our study to longer wavelengths, because we wanted to avoid problems with the CO 2 feature around 4.4 µm where the opacity might be significantly underestimated in all models of cool stars (see previous section). In addition, the region between 5.0 and 8.5 µm where the intense silicate dust emission starts does not include any well pronounced broad molecular absorption structures like the 2.5 µm H 2 O depression, except for the SiO ground state bands above 7.5 µm. It is rather dominated by a quasi-continuous water opacity with a lot of small scale features (Aringer 2000) . The results for four representative observations can be seen in Fig. 7 where we show the ISO-SWS data together with the synthetic spectra which give the best fit in the investigated frequency range. It should be noted that the good agreement concerning the overall energy distribution appearing for the two Semiregular variables displayed in the upper panels of Fig. 7 could also be obtained for all other investigated stars of this type (SRb and Lb). All spectra are normalized to the flux level at 3.8 µm. Due to the strong variation of the overall shape as a function of the stellar temperature the latter can be defined with an accuracy of ±50 K, which corresponds to the grid resolution, if log(g[cm/s 2 ]) = 0.0 and solar chemical abundances are assumed. In reality many of the stars may be more extended which could decrease the values by up to 100 K for the typical parameter range expected for AGB objects (see previous section). Thus, the main source of errors which may then become up to 150 K are the uncertainties of log(g). However, also the C/O ratio could play a role, if it approaches values close to one. Due to the spectral variability of the objects the determined temperatures will also differ as a function of time. For the Semiregular and Lb stars in our sample, where we have more than one observation, the values change between 50 and 100 K, while in the Mira stars the variations are much larger.
Concerning the fit of spectra calculated from hydrostatic atmospheres we found four categories of ISO-SWS data. The spectral classification and the temperatures we derived for our observations are listed in Table 1 . Representative examples for the four different types of spectra are shown in Fig. 7 where we compare measurements and theoretical results.
Type 1
The first group of spectra are those of Semiregular and Lb variables, which can be reproduced by hydrostatic MARCS models with effective temperatures between 3000 and 3200 K.
They show water absorption in the 2.5 µm region. However, the H 2 O bands are still relatively weak and do not dominate this wavelength range. Features of CO (around 2.4 µm), SiO (above 4.0 µm) and OH (in the whole interval) are also quite prominent. In all cases we could obtain very good fits to the observed spectra. Only the SiO bands are predicted a bit too strong, which is most probably a first consequence of dynamical phenomena, even in the Semiregular and Lb variables with their relatively weak pulsations. Aringer et al. (1999) explained the much too weak SiO features observed in all AGB stars by emission components in the molecular lines originating from the extended outer regions of dynamical atmospheres.
A good example for a star with spectra belonging to the first group is g Her which is also shown in Fig. 7 . For the two observations of this object we obtained 3050 and 3150 K. The latter value is the highest one that we found for a star from our sample. It is in agreement with Tsuji et al. (1994) , who adopted a temperature of 3200 K for g Her, and with the results from Plez et al. (1992) , who got 3235 K using infrared fluxes and hydrostatic atmospheres. It should be mentioned that Plez et al. need a slightly warmer model (3300 K) to fit the TiO bands at shorter wavelengths. We find a similar trend for our calculations when we compare the results presented here for the spectra of type 1 and 2 with temperatures derived from TiO features of Semiregular variables in the optical range (Schultheis et al. 1999 ).
Type 2
The second group consists of spectra of Semiregular and Lb variables that can be reproduced by hydrostatic models with temperatures between 2700 and 3000 K. The water absorption is very intense and dominates the whole range below 3.5 µm. Features of CO, SiO and OH are still visible. Also for this type of spectra the agreement between calculations and observations is quite good with the exception that the predicted SiO bands above 4.0 µm are too strong. In general, the discrepancy concerning the SiO features is a bit larger than for the first group.
For some of the spectra we found that the observed and computed slopes close to the short wavelength boundary are different. In all of these cases the calculations predict too steep energy distributions for the narrow region below 2.4 µm, even if the results from ISO-SWS observations and model atmospheres look very similar in the rest of the studied frequency interval. However, since we are talking about a range situated directly at the edge of the ISO spectra, there might well be some uncertainties concerning the calibration for objects with steep gradients at the short wavelength boundary. We do not think that the discrepancies are due to the water opacity, because they appear only for a part of the data and computations with other linelists (Partridge & Schwenke 1997 and HITEMP) give almost the same slope below 2.4 µm. It should be noted that for the spectra of the first group and for earlier red giants (Decin et al. 1997 ), all of which have flatter gradients, such problems do not exist. In principle it could also be possible that in some type 2 observations the slopes in this region Table 1 . List of ISO-SWS spectra studied for this work. The first two columns include the names of the stars as well as the Julian dates of the observations. In the third column we give the effective temperatures derived from a fit of the ISO data using hydrostatic MARCS atmospheres. It is also indicated, if the water absorption is more (much more: ; just a bit more: ≤) intense than in the coolest models. The type corresponds to the four classes of spectra defined in the text. In the next column the presence of an emission bump in the region of the SiO bands is indicated. (+) means a weak emission feature. For the two Mira stars we have also included the visual phases taken from their AAVSO light curve.
Star JD 2 400 000+
T are influenced by dynamical effects weakening the absorption of CO or H 2 O significantly.
Type 3
The third group is formed by spectra of Mira stars which can be reproduced with cool MARCS models having effective temperatures between 2600 and 3000 K. As in the case of type 2, intense water absorption dominates the whole wavelength range below 3.5 µm. The features of CO and OH are in general relatively weak, or sometimes even not visible. Only in the data set corresponding to the warmest model (R Aql, 50516.40) they are more pronounced. The reason for this weakening of the CO and OH bands are the large optical depth of the water absorption in the outer atmosphere, which does also affect the computed spectra, as well as dynamical phenomena (see e.g. the discussion of OH in Lebzelter et al. 2001 ).
In the region of the SiO first overtone transitions between 4.0 and 4.2 µm all data of type 3 show a broad strong emission bump. This feature has also been found by Yamamura et al. (1999) in an ISO observation of o Cet which is the prototype of all Mira stars. It should be noted that the discussed range includes the border between ISO-SWS bands 1e and 2a situated around 4.06 µm which may introduce some errors concerning small scale structures and the overall slope in the spectra. Nevertheless, since the bump is larger than the expected uncertainties and, as it will be discussed later, its appearance is correlated with the pulsation phase, we conclude that it is definitely not an artefact. In addition, it can only be seen in Mira variables. Thus, we have a clear indication for SiO emission in Mira stars visible in periods with relatively weak (compared to type 4) water absorption. It is obvious that the feature between 4.0 and 4.2 µm does not reflect the typical band structure appearing in the synthetic spectra and in the ISO-SWS data of the first two groups. This is a possible explanation, why Aringer et al. (1999) did not find any objects with SiO emission in their sample. Their way of defining the continuum by using certain regions between the bandheads will suppress broader structures. In this context it is interesting that in contrast to the behavior in hydrostatic atmospheres the molecular features in dynamical models can sometimes change their shapes significantly, especially if emission is involved. Thus, the absence of the typical SiO bandheads is not really unexpected. In their work on individual SiO lines observed in high resolution FTS spectra of Mira and Semiregular stars Lebzelter et al. (2001) find complex and variable profiles indicating strong dynamical effects.
The problem discussed for the second group, namely that the computed gradients close to the short wavelength boundary of the ISO-SWS data are too steep appears also for this class. In general it is even more pronounced, and it could be due to dynamical effects. However, as it was already mentioned, we can not exclude that it is caused by uncertainties of the observations connected to steep energy distributions at the edge of the spectra.
There are two spectra (R Aql, 50358.10 and R Cas, 50458.91) which have a water absorption that is slightly more intense than in the coolest model (2600 K) from our grid. Since they do not look very different and they may be reproduced by a hydrostatic atmosphere with a somewhat lower temperature (2400 to 2500 K), they were included into the third group.
Type 4
All spectra of Mira stars, where the water absorption is much stronger than in any of our hydrostatic MARCS atmospheres, belong to the last class. The most extreme case in this group with the deepest depression around 2.5 µm is an observation of R Cas (50301.62) which is also presented in Fig. 7 . In all spectra of this type the huge opacity of water dominates the whole range below 3.8 µm. The features of CO and OH in this region are not visible or very weak. Large amounts of relatively dense gas with temperatures much cooler than 2000 K are needed in order to explain the enormous intensity of the H 2 O bands. It is clear that such conditions will not appear in any hydrostatic calculation with a realistic choice of the fundamental parameters. On the other hand, in dynamical models for AGB variables (e.g. Höfner 1999 ) the combination of pulsation, dust formation and mass loss produces relatively dense regions in the very extended and cool outer atmospheres around these stars.
In order to explain the behavior of the molecular features in the infrared spectra of cool oxygen-rich giants, Tsuji et al. (1997) introduced one or more dense envelopes situated above a hydrostatic photosphere (warm molecular envelope). Based on this approach Matsuura et al. (2002) produced fits to the ISO-SWS data of several Mira variables covering the range between 2.5 and 4.0 µm. They use two layers of water with different temperatures, column densities and radii described by a disk shape, slab geometry model. For the warmer component they have adopted a value of 2000 K, while the cooler one, which is mainly responsible for the strong depression at 2.5 µm, has between 1000 and 1400 K depending on object and pulsation phase. Although such simple approaches can not replace more detailed studies considering dynamical models for the complex structure of the atmospheres, they still give us a lot of information concerning the basic properties of the gas shells around the stars. This is at least true for the 2.5 µm region, where the water absorption in the layers is optically thick.
As we can see in Table 1 there is one spectrum in this group (R Cas, 50421.06), which shows an emission bump in the region of the SiO bands. However, this feature is weaker than for the data of type 3.
Variability of Mira stars
In Table 1 we list the phases of the different ISO-SWS observations of the Mira stars R Aql and R Cas taken from their visual AAVSO light curves. The table also includes the group the corresponding spectrum belongs to as well as information on the appearance of an emission bump in the region of the SiO bands. As it has already been mentioned before, such a feature is visible in all data of type 3. In contrast, the spectra in class 4 have only weak (in one case) or no SiO emission. It is obvious that most of the observations of type 3 were obtained around the time of the visual maximum. All of them have phases above 0.6 or below 0.25. On the other hand the spectra from our sample which belong to group 4 correspond to phases between 0.3 and 0.8. Thus, we see a clear trend that in the two studied Mira variables the most intense water absorption appears around the time of the light minimum, while the weakest 2.5 µm water bands and SiO emission are observed close to the maximum. At a given phase, R Cas always shows the stronger molecular absorption. Due to the limited number and time coverage of our observations it is not possible to determine if the spectral variations exactly follow the visual light curve. Especially for R Cas it is known that the changes of the molecular lines seen in high resolution spectra of the 4 µm range may happen on time scales different from the photometric period .
Concerning the temporal behavior of the water depression around 2.5 µm our results agree with those of Matsuura et al. (2002) who studied the ISO-SWS data of four Mira stars. They also find that the most intense absorption appears at the time of minimum light corresponding to the largest optical depth of the cool outer H 2 O shell in their model of two molecular layers describing the upper atmosphere. Based mainly on the investigation of small scale features, Matsuura et al. conclude that during the phases close to the maximum the water bands in the region between 3.5 and 4 µm may get into emission. In the plots shown in Fig. 7 such a behavior would not be visible, since the fluxes are normalized to the value at 3.8 µm where the total molecular opacity has a minimum. Nevertheless, in cool objects even this point will be affected by the features of water. On the other hand, there is no case among the type 3 spectra in our sample where we need any emission in the 3.5 to 4 µm range to reproduce the overall shape. There are still inversions of some of the small scale structures which do partly also appear in our two Mira stars. However, they could be caused by a major change of the shapes of the bands, which is not necessarily connected to a net emission and may, in contrast to a hydrostatic atmosphere, occur in a dynamical model. Thus, we found no real proof for water emission, but we can not exclude that it influences the small scale features between 3.5 and 4 µm.
ISO spectra and linelists for water
The ISO-SWS range between 2.5 and 4 µm is one of the few places where the absorption coefficients calculated from the NASA AMES (Partridge & Schwenke 1997 ) and our linelist for water disagree. As it was already demonstrated in Paper I, our opacity data reproduce the slopes observed in the corresponding spectra of M-type giants much better. This can also be seen in Fig. 8 where we compare the ISO-SWS measurements of T Sge with theoretical results based on the two lists. At this point it should be noted that the small temperature difference of the models shown in Fig. 8 which is due to the choice of the best fit to the observations will almost not affect the discrepancies. In general it is not possible to remove problems concerning the shape of the H 2 O depression by changing the basic stellar parameters of a hydrostatic atmosphere. In Fig. 8 it is also obvious that the observed small scale structure of the water bands in the selected wavelength range can not be reproduced by our list, while the NASA AMES data give significantly better results. This difference was also mentioned in a recent paper on dwarf stars by Jones et al. (2002) . It is caused by the fact that for the computation of the line positions Partridge & Schwenke (1997) put much more emphasis on the measurements collected in the HITRAN and HITEMP data base. Unfortunately, the infrared fluxes of the M dwarfs are not sufficient to determine reliable overall slopes from the few existing ISO-SWS spectra. The small scale structure of the water bands predicted by HITEMP and the NASA AMES list is in the investigated frequency range identical. Thus, for the next generation of synthetic spectra we will include more observational material into the determination of the positions of the H 2 O lines. However, this will not affect the atmospheric models or the overall shapes of the water features. 
Conclusions
In this work we present a first systematic comparison between observations and self-consistent model computations of the water bands visible in the 2 to 4 µm spectra of oxygen-rich giants. Such a study has only become possible after an extensive set of good quality data for this type of objects has been obtained by the ISO-SWS instrument. Due to the relatively high infrared fluxes that many of these stars have, the measured slopes in the considered wavelength interval are quite reliable (see Decin et al. 1997 or Loidl 2001 which is an important condition for the investigation of the broad water absorption features. Thus, the agreement between the observed and calculated spectra found for the Semiregular (SRb) and Lb variables in our sample (class 1 and 2) can be regarded as a nice confirmation of the used MARCS atmospheres and opacity data. It should be emphasized again that the model computations are fully selfconsistent with no adjustable parameters except for the stellar properties like the surface gravity or the effective temperature which mainly determines the appearance of the H 2 O bands in the M-type giants.
In spite of the good agreement between hydrostatic calculations and ISO-SWS observations one should never forget that even for the Semiregular and Lb stars with their relatively weak variations this theoretical approach has some limitations 2.6 2.7 2.8 2.9 3 3.1 λ regarding the description of the real radial temperature pressure structure, because it neglects important processes like the acceleration of stellar winds or shock waves connected to pulsation. Our results are a quite strong indication that most of the atmospheric regions dominating the molecular absorption in the near and mid infrared (also outside the SWS range) and consequently most of the corresponding band intensities of type 1 and 2 objects can be reproduced by the MARCS models. But we see also prominent exceptions like the features of SiO and perhaps CO which may only be explained by dynamical computations. The strong lines of these species are mainly formed in cool regions far away from the star where the mass loss generates the structure (e.g. Lebzelter et al. 2001; Bessell et al. 1996; Hinkle et al. 1982 ).
In the case of Mira stars, where the hydrostatic MARCS atmospheres fail to predict the intense water absorption seen around minimum light as well as the SiO emission close to maximum light, it has been shown at several occasions (e.g. Hron et al. 1998; Aringer et al. 1999 ) that dynamical models may be quite successful in explaining the behavior of different molecular features. However, as it was demonstrated by Höfner (1999) such calculations will only give realistic structures and synthetic spectra, if a non-grey radiative transfer including all relevant opacities is used in a consistent way (the same treatment of opacities for model structure and synthetic spectra). In a subsequent paper of this series we will study the water bands of Mira stars based on dynamical models similar to those published by Höfner (1999) , but computed for an oxygen-rich composition.
The fact that the water absorption in the 2.5 µm range observed in Mira stars at phases around maximum light (type 3 spectra) can be reproduced by the MARCS models is not necessarily a coincident. As one would expect, the overall radial dependence of temperature and pressure in a dynamical atmosphere will be very different, which is mainly due to the much larger extension and the appearance of shock waves connected to pulsation (e.g. Höfner et al. 1998) . Nevertheless, it is still possible that the conditions in all of the regions dominating the line formation for a certain frequency interval are quite similar in the selected hydrostatic model and the real star. In such cases one will find a good agreement for most of the studied molecular features. Of course, this only proves that a part of the atmosphere looks hydrostatic at a certain time, and it does not tell us anything about the whole structure or other spectral ranges and phases.
